Optical communication technologies are regarded as an important breakthrough for future satellite communications. Tohoku University has been developing Adjustable beam angle Small Optical TrAnsponder (ASOTA) for micro-satellites. The design concept of ASOTA is miniaturization and low power consumption. It is necessary for space optical communication to direct the laser to the ground station with a high precision. This research describes the development of a MEMS-Mirror-based Fine Pointing Mechanism (FPM). The MEMS mirror is suitable for micro-satellites because it is smaller and consumes less power than 2-axis gimbal mechanisms. FPM is a feedback control system consisting of a MEMS mirror and a Quadrant Detector. The characteristics and mathematical model of each device are described. Then numerical simulation and ground evaluation results of FPM with a simple optical system are summarized.
Introduction
Recently, due to the dramatical improvement of on-board observation instruments, as well as the increase of communication and broadcasting satellite services, there is a significant demand on high-speed satellite-to-ground communication capabilities. Though higher frequency band such as Ka-band is recently being utilized for high-speed radio wave communications, optical communication technologies are regarded as indispensable to achieve much higher data rate to satisfy future demands on data transmission. 1) Optical communication has advantages in efficiency of energy usage due to its narrow beamwidth, miniaturization of the antenna, and higher security in terms of interception.
2) The number of micro-satellites will continue to increase, but the resource of radio wave frequency band is limited.
3) Space optical communication avoids this congestion. Hence it is necessary to develop an optical transponder for micro-satellites. Table 1 shows the previous studies. SOTA developed by NICT successfully downlinked by laser with 15.7W, which is less than 1/10 of LUCE, which is the world's first transponder for LEO-ground optical communication. 4, 5) VSOTA developed by NICT and Tohoku University is scheduled to be installed in micro-satellite RISESAT, and its power consumption is 10W or less. 6, 7) One of the technical problems is the laser pointing control between optical antennas. 8) In order to solve this problem, the laser tracking system is used for most optical transponders. SOTA had a 2-stage laser tracking system with a 2-axis gimbal and a mirror. 9) However, the scale of the device was still large for micro-satellite or CubeSat. Though VSOTA is extremely compact and has a high mountabiliy. it does not have a laser tracking system, and hence the laser divergence angel increases resulting in lower data rate.
Tohoku University is developing ASOTA. The design concept of ASOTA is the miniaturization and low power consumption. FPM of the ASOTA's laser tracking system using electrostatic drive type MEMS mirror reduces the scale and power consumption of the device. This will make it possible to install a high-speed optical transponder on satellites with limited resources. It feedbacks the direction of arrival of the beacon light from the ground station acquired at the QD to the MEMS mirror, and performs directional control of the downlink laser (Fig. 1.) . 
Performance Requirements
The guide beacon from the optical ground station and the downlink laser from ASOTA are reflected by a single MEMS mirror. By appropriately controlling the MEMS mirror, the spot of the guide beacon coincides with the center of the QD. In this state, the transmit beam is automatically directed to the ground station by the optical design of ASOTA. Therefore, direction control of the downlink laser is the same as irradiating the center of the QD with the beacon light spot. The role of FPM is to lower the laser pointing error that cannot be eliminated by satellite attitude control below the divergence angle. Considering the application environment of ASOTA, the center of the light spot must be within the range of 3.75µm from the center of the QD. In addition, the MEMS mirror needs to move ±3deg 2-dimensionally. If the optical ground station being developed by Tohoku University irradiates beacon, the QD must detect 570-850pW of light.
Characteristic Measurement

MEMS mirror
Characteristics of the MEMS mirror were measured. The input of the MEMS mirror is voltage and the output is angle. The principle of characteristic measurement is shown in Fig. 2 . The voltage-applied MEMS mirror is irradiated with a laser, and the position of the reflected light is measured by 1-dimensional Position Sensitive Detector (PSD) and TransImpedance Amplifier (TIA). The drive angle of the MEMS mirror is calculated by Eq. (1).
When measuring static characteristics, the constant voltage is applied to the MEMS mirror. The frequency characteristic is measured by the sinusoidal sweep method.
11) The gain and phase at a certain frequency are calculated from the response of the drive angle to the applied sinusoidal voltage. Complex frequency response is calculated from them, and the MEMS mirror is system-identified using MATLAB/Simulink System Identification Toolbox. Measurements are made in each direction because the MEMS mirror is driven 2-dimensionally (Fig. 3.) . The measurement results of static characteristics are shown in Fig. 4 . The input voltage and the drive angle are proportional in each direction. It can be confirmed that it satisfies required performance ± 3deg by using a high voltage. The Bode diagram is shown in Fig. 5 . The MEMS mirror has a frequency band of 300Hz. Figure 5 also shows the results of system identification. The conformance rate of the estimation is 84%. The transfer function obtained by system identification is shown in Eq. (2) and (3). 
QD driver
The definition of the QD light receiving surface is shown in Fig. 6 . From the output current of each light receiving surface, the normalized coordinates of the spot can be obtained by following equations. QD driver to process the output of QD was designed (Fig. 7.) . It consists of high sensitivity TIA, addition/subtraction circuit and AD converter. The relationship between the spot position and the normalized coordinates was measured to confirm that all of them operate correctly. For the experiment, Gaussian beam which simulated the environment of ASOTA was used (diameter: 500µm, power: 570pW). The spot position is moved by the translation stages and the normalized coordinates are measured. The theoretical values of them are calculated using numerical integration of MATLAB/Simulink. The spot position is shown in Fig. 8 , and the results are shown in Fig. 9 . As a result of the comparison, it was confirmed that these values coincided and QD driver operates correctly. Next, the frequency characteristic of the high sensitivity TIA is measured. It is measured by step input transient response method. The time constant is calculated from the output of the TIA when the laser is turned on. The gain is not considered because it is determined by the feedback resistance. The step responses are shown in Fig. 10 . TIA is regarded as a second-order lag element from this result. System identification is performed based on the overshoot and the cycle of damped oscillation. The transfer functions of each element obtained by system identification are shown in the following equations. Figure 10 also shows the step responses of Eqs. (10)- (13) calculated by MATLAB/Simulink. 
Ground Evaluation System
Configuration
For ground evaluation, FPM was constructed with the MEMS mirror and the QD (Fig. 11) . QD driver processes the output current of the QD on which the light spot is incident. The microcomputer on the control board calculates normalized coordinates from the output of the QD driver with digital low-pass filter. Then, the microcomputer calculates the input voltage to the MEMS mirror according to the control law described later. Finally, the voltage is applied to the MEMS mirror by the amplifier, and the drive angle is changed. The position of the spot irradiated to the QD is controlled to the center of it by changing the direction of the reflected light. The normalized coordinates of the spot and voltage of MEMS mirror are recorded in PC. 
Optical system
At present, the ASOTA optical system is under development. Therefore, a simple optical system constructed on an optical bench is used in this research (Fig. 12) . This consists of a MEMS mirror tilted by 45deg and a QD tilted by 90deg. The distance from the MEMS mirror to the QD is 100mm based on the length of 1U CubeSat. The disturbance is the parallel movement of the collimator. The FPM corrects this deviation of the spot by a control law described later. 
Control algorithm
The block diagram of FPM is shown in Fig. 13 . The position of spot on the QD was separated in horizontal and vertical direction, and the controllers are applied to each loop. The two control loops integrated in the optical system block. The controlled object is a series of blocks from MEMS mirror to QD. The controlling variable is the input voltage to the MEMS mirror. The controlled variable is the normalized coordinates of the spot. Originally, it should be the position of the spot 
Simulation
In order to verify the effectiveness of the control law, FPM simulation was performed on MATLAB Simulink. Obtained transfer functions Eq. (2), (3) and (10)-(13) are applied to MEMS mirror and TIA blocks. Eq. (6)-(9) are applied to QD block. Eq. (14) is applied to controller block. Ray tracing of reflected light is calculated in optical system block. To calculate the attitude of the MEMS mirror, Rodrigues' rotation formula is used.
12) The simulation conditions are shown in Table 2 . A part of the simulation results is shown in Fig. 14 . Simulation results confirmed that the proposed closed loop control functions stably. 
Conclusion
A MEMS-Mirror-based FPM was developed and a laser tracking control law of FPM was proposed. The effectiveness of the control law was demonstrated by simulation using the estimated model. The experimental environment of the laser pointing control in real space was realized using the simple optical system and FPM. Finally, the pointing accuracy and power consumption were measured through experiments and it was shown that the developed FPM is a suitable laser tracking system for ASOTA.
